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Mission to the Outar Planets r 

In the dimly lit outer reaches of our Solar'System are 
the giafnt planets Jupiter and Saturn— almost unimag- 
inably large and far av/ay.. Beyond Jupiter and Saturn 
are the even more remote planets Uranus, Neptune^ 
and Pluto. 

Although space exploration by the JMational Aero- 
nautics and SpMde Administration has become a famil- 
iar- achievement in the last^decade, the pianets that^ 
have be^n measured and photographed by NASA's. 
Mallner and Viking spaicecraft have been^the *nearby" 
planets Mars, Venus^ and M8rcury'(though "nearby" in 
tills sense may meaiwnillions of kilometers^ from 
Earth). . \ 

Exploring the giant outer pianets, however, poseff 
problems with a whole new'-set of dimensions. For this 
reason, a different type of spacecraft, named Voyager, 
has been developed to perform this fornftidable task. 

JASA ^ m i ss i o n to J upits^^c 
two unmanned Voyager spacMraft scheduled to be 
launched in\August and September of 1977 and to 
arrive at Jupiter in 1979. As they fly by Jupiter, their 
instruments look closely at the ^planet *and Its many 
satellites. The spacecraft instruments fincf out how 
these bodies affect the sdlar wind— the blizzard of 
protons ahcJ electrons streaming outward from the Sun, 
They also investigate how charged particles, sSjch as 
eleitrons and protons, and the magnetic field qjljupiter 
act on each other, -^-^^ 

The trajectories of the spacecraft past Jupiter have 
'been chosen so that the gravity and brbitai motion of 
the giant planet act as a slingshot to senti both 
spacecraft to the ringed planet Saturn, Arrival at,Saturn 
is scheduled for November 1980 and August 1981, 

The first spacecraft to reach Saturn fs expected to 
repeat the types of experiments and measurements it 
made as it flew by Jupiter and kiso to investigate the 
important Mtellitf Titan and the spectacular ring sys- 
tem of Skujrn, If these measurements have been 
successful, the second spacecraft to arrive might be 



sent to' the planet Uranus, the next planet beyond • 
Saturn. Recent discoveries have revealed that Uranus 
Is also a ringed planet, like Saturn, ^which had previ-^- 
ously beyi thought to be the only planet lij our Solar 
: %stemto have a system of tings. Thus, vSy^ger has 
the potential of exploring three of the 'giant plinets of 
the outfr Solar System and providing a close lobk of 
. their larger satellites, - , 

Each spacecraft's scientific Instruments seek new 
information about the ^atmospheres and the environ- 
^ ments of the pjanets, the surface features and atmos- 
pheres of the satellites, thfe nature of S^lurn^ rfngs, the 
magneyp fields and ^he flow of charged partibles In the ' 
plane^^ systems, and^tlje etfects of the planets and 
satellites and rings on these particles and fjelds. ■ « 

^ The Voyager Projaot 

The Voyager project is managed by the NASA Jet 

oratory \% responsible for building the tWjo spacecraft 
and for conducting tracking', communications, and mis- 
sion operations, N A^*S;; Lewis Rf search Center, 
Cleveland, Ohio, has responsibility for the launch 
vehicles. . 

. There are eleven stience teams with a total of 85 
scientists concentrating on different aspects of the 
scientific investigation. The leaders of the teams are 
shown in Table 1, 

The Spaceoraft 

Voyager is the most far-reaching space' mission to 
be flown by NASA, since it includes a possible flight to 
Uranus, which is 2,87 billion kilometers from the Sun= 
19 times the distance from the Sun to the Earth, 

The spacecraft (Figure 1), because they have to 
travel so far from the Sun, differ sonewhat from the- 
earlier Mariners from which they \vere developed. 
Panels carrying solar cells to convert sunlight to electri- 
city, needed for the instruments and the electronics of 
eaflier Mariner spacecraft, arevinissing from the new 



Figurt 1. ' Aftlit*! eone#^ of the Voyager ipicecr^ft ahowfng its large preeiston aritenni ati^ instrument booms and antfnnai. 
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TibI 1 1. S^ltfiGO Es^rimente and Ttaiti Leadeim 
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UltraV 



SpeGftomiter 
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Low-Ene 



Particles , 



gy CKarged^ . 



Cosmic 



Hays 



MagnetQ meter 

rPlanetifi^ Radio 
Astrcnomy 

Plasma Waves 
Radio S :Tince 



Brpd^rd Smith/ University igf 
Aniona, Tucson, Aniona 

fludolf'Hine[, Goddard Space 
Fllght Center, Maryland 

A, lyle Bradfodt, Kitt Peak^ 
National Observatory, 
Arizona . " 

Charles , Lillie, Uriiverslty of 
. iCDlorado, Colorado . 

Herbert BridgeflVlassaehusetts 
Ipstitute of Techpology, 
Massachusatts 

S.*^M, Krjmigis. dohfti Hopkins 
Applied Physics LaboratoTy, 
Maryland , 

R,E,VpBt,ftilifornia Institute 
of Techrrilogy, CaUfprnia 

Norman Nless^ Goddard Space 
Flight Center, Ma^ylandj 

James Warwick, UniversW of 
Colctfadp^ ColoNrfo*^ . 

frederidk L.^carf, TRW Sys^ 
tems ^roupi Calif ornia 

Von, R. iihletnan, Stanford 
University, California 



ipacec^aft^^t Jupliter, sunlight is onl^ 1/25th as bright 
as it Is* itjhe Earth. At Uranus, it is a mere 1 /350th as 
bright is^^^'s sunlight. So^ insteac^ of solar cells, 
Voyage ir spacecraft rely upon ^ radioisotope. thermo= 
eloctric ge^rierators, which* provide electricity through 
jhftiCOj iversion of h^at from th§ radioacti ve decay of 
Plutonium. 

The generators are carried on a spar-like boom . 
extend ^d from the spacecraft to prevent their radiation 
from af acting the science instruments. They^develop ^ 
total o1 about 400 watts at the time' the spacecraft^ 
reaches Saturn. Badio communication with Earth con-^ 
sumss 100 watts of this available power. Science 
instrunrents coriswrrfe 108 watts, and the remainder is 
availab e for the other needl of the 'spacecraft. 

The antenna of the new spacecrp'f} differs trbm that 
of the earlier Mariner spacecraft. To^ return irrformation 
with a given amount of transmitter power over, the 
immeni e distances to the outer planets, a muQK larger 
antinni has to b| carried than for exploring planets 
such ai Mars, Venus, and Mercury. Voyagers yish- 
shaped antenna ir 3.7 m (12 ft)jn diameter It is 
construjited very accuratfly to beam the high-"^ 
frequeni^y radio waves ^without scattering thenn too 
much. 
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Network on the ground, Voyager can sfnd Information 
to Earth at a jate of 115.000 bits per second fjom 

: Jupiter, and 44000 bits per iecond from Saturh,*fBy • 
contrast, no»rpatter how fast you talk, yoa can only 
send Information over your telephone at a rate of 100 
bfta per second.) The large, high-gain antenntf of 
Vo^ger Is^ pointed toward Earth by use of electronic 
eyes on the spacecraTtv' There Is also a low-gain 
antenna,, mounted in front of the Jilgh-gain antenna, so V; 
that there can b^ome radio contact even It for some 
reason the lar^flptema cannot be pointed directly to / 
Earth. . ' , ^ I 

The spacecraft can transmit to Earth at two /aidio^ 
frequencies. During crlilsa between the planets the 
lower frBquency—knowff^s S-band — ^Is used to send 
data to Earth at a relatively low rate/ThisJs adequate 
for cruise science and releases the big 64-m (2l0^ft) 
diameter antennas of the* Detp Space NetwoTk for 

"Other tasks. Information can to receivtd on the smal-^ 
ler,^2i-m (B5-ft) diameter graUnd antennas/ For .en- 
cpunters with the planets^ when very largejimOLmts of 
data must be transmitted quickly, a higher frequency )^ 
(X-band) Is used. ^ \ 

The d<^and transmflter's power output Is 21 or 12 . 
wafls. The S-band transmitter's po^r output Is 28, 20, - 
or 10 watts. Both transmitters are duplicated! in case a 
transmitter should fail during the long missl&n. 

Trfe new spacecraft is, like the earlier Mariners, built 
around a gr^p of compartments that house the ^elect 
tronics. On top is the big antennfe.' In the center, of the 
compartments is a large spherical tank containing . 
rocket p/opell^^t> Unlike earlier spacecraft, the new 
Voyager does not use a single main TQcket engine to 
correct its trajeGtory through space: Instead* it uses ifs ^ 
hydrazine rockit prgpellant In 16 small ttirusters for 
fnaneu vers and attitude' cdntroK The spacecraft can be 
positioned by reference4o the:Sun and the star Cino- 
pus, or by its owfTiffle^al syaKmpfly^ - 
an inertlal relirence unit) yslng the thrusters. For some 
corrections to its path through ppace, Mey^ager must v 
fire thes|^^smaN rocket 'thrusters for as long as one 
hour. ^ 

To add thi final velocity required at launch to escape 
Earth and attain a trajectory to take Jt to Jupiter, each 
spaceeraft. has a solid rock%t system vyelghing about 
1210 kg (2668 lb)/ capable of a thrust of 7t,2O0 \ 
nevvtons (16,000 lb). The rocJ<et syfetfem is dropped 
from the spacecraft ^fter it has been fired. . 

The mrssion nodule; which is the planetary space- 
crah, weighs about 810 kg (1786 lb), of which aboul 
105 kg (231 }b)^Qnsiits of science instruments. 

Much^of the aigctronics of the spacecraft Is dupli- ^ ' 
cated. .This dupncatlon^ will allbw the s^icecraft td^ ; 
switch-in alternative electronics in case of damage by 
high-energy, charged-particle radiation when close to 
the glarit planets or in case of equipment failure during 
the long firght time required to explore the outer Solar 
System. ^ , _^ ' 
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Figure 2. Drawfng at the Voyagtr spasaeraft to idantify ths major components and the science Instruments. 



_ _^_Tbe= apacecf att^ h as ^^beari^ 4eslgn ed^o~itiat^lie_= 
. SCientjfic measurements will not be affected greatly by 
the magnetic field of th^ spacecraft itself= 

^GQ(ager Science ^ 

Drigtnally t^e mission was concerned primarily with 
tiie two giant planets Jupiter and Saturn. However, 
incraasing interest in the safellites of thes%planets led 
to\theiT being^. included in the mission's^ obj.ectives.^ 
There are, indeed, five^ planet-sized satellites that will 
be inspected closely ^ring the flight. They are all 
largMf trfan Earth s Moon, and one of them, Titan, has 
an atfnosjphere whosedenslty is comparable to that of 
the Earth's atmosphere. 

The science instrurnents are quite varied. Cameras 
photog*raph the planets and satellites to a detail never 
possible before. Other instruments investigate the un- 
sual envlroTiments of these large planetary systems, 
hich are like mihlature solar systems. Many of the 
'ence ir^truments are identified in Figure 2. = 



Th e cameras and^pectcomelfira^acaimdur^^ 

movable platform at the md of a science boom (see 
Flggre 2) sp that the instrunients can look around the 
large high-gain qntenna. ^ v 
'S . ' ' 

A narrow-angle camera system of tSOO mm (59 in.) 
focal length acts like a telephoto lens to show small 
areas of the planets and satellite? in ^ery great detail. A 
completely new wide-angle camera system was de- 
': signed for the mission. If has a 200-mm (7.87=in.) focal 
lengt+i telescope which covers a greater area bit' in 
less detail. Both camera systepns have eight filters, 
' some of which can be used to produce' color pictures of 
the planets and their satellites. ' ^ ^ 

One spectrometer looks at the planets in ultraviolet ^ 
light. There are also an infrared spectrometer^' a radi= 
ometer, and a photO^Tarlmeter. On the same boom, 
but not on the movable platform, there are science 
instruments for measuring planetary and interplanetary 
particles of various energies. . ~~ 



i An6tW^'.bo6n% extending 1.3 ni {42.65 ft) frorny 
•spacecrafr.vcarries devices^ tq measure the ntabi&tic" 

:;;«elds of Bie pranits, : • ■ ' 

j J .Jwo Jf^Tg^tennas project from the spadedraft to 
;dete|.^o vyaves emitted from tlje JSnett *d 
prnfma waves in the extremely racBfled4ases ialhe 
snaCB between the pJahets. 



, The Experir 

. , . The infrared 'spectrometer, ifieasuras temperaiures 
■ . at various depths in the atmospheres and gives ihfor- 
:. mation about the gases In the atmospheres' of the 
. planets and their satellites. ' • I 
. : The ultraviolet spectrometer also provides informa- 
, tion about the gases in the atmospheres, of the planets 
and satellites. It is particularly useful in searchihq for 
hydrogen and helium. / . . ? 

The photopolarimeter provides, information about 
aerosol^ m planetary atmosphefes and about the 
characteristics of the satellite surfaces. " • 

To provide information 'on the types of chargea 
particlfs and their direction of flow— both in interplane- 
tan^ space and in the vicinity of the planets and 
satellites— several types of detectors are used For 
example, high-energy particles expected iri Interplane- 
tary space are detected by a cosmic ray telescope. 

These measurements of charged particles and mag- 
netic fields can help our understanding of the basic 
physics that permits electrons to be accelerated to Wgh 
velocities by Jupiter. Information about the composition 
of tfie radiation belts of Jupiter and of Saturn may 'allow 
scientists to deduce how these belts are structured. 
Also,.from the magnetic moments of the planets the 
internal structure of the planets may be infflrrad ' 



The satellites of Jupiter, and probably those of 
Saturn also, offer obstacles to charged particles that 
rotate with the planet, as the inner planets of the Solar 
System offer obstacles to the solar wind The way in 
which the satellites affect the charged particles sur-' 
rounding the planets is investigated guring the mission 
Close approaches of the spacecraft to lo/Ganymede^ 
and Callisto allow the instruments to search for wakes 
in the "ocean" of charged particles like, those behind 
ships at sea, and for interactions of the particles with 
Jupiters magnetosphere— that space around the plan- 
et where its magnetic field predbminates. These sci- 
ence measurements can throw light on how quickly the 
satellites sweep up charoed particles from the mag- 
netosphere of Jupiter and^ now quickly the wakes of the 
satellites are smoothed by charged particles moving 
inward toward Jupiter from outer regions of the planet s 
magnetosphere, . , 

^ The lO-m (32,8-ft) long whip antennas of the planl- ' 
-tary-r^idto-astronomy experiment are used to detect 
radio waves from the planets. Radio science invesfiga- 



tions; make use 'Of the spacecraffs radio tran^ 
mi^ipns to Eartti to:obsin/e the effed^ 
craft passes behind the" planetsr the satellites and thi 
, nngs pf Saturn, Ttrese,ob5ewations provide Infdrma 
ion.about the siie of the prarifets and' the satellites 
.their atmospheres,, the coiflporfition of the rings, «nc 
■ the sizes,of , articles rpaKing idp the rings. Also tf^ 
radio siflnals.are used to measure the gravity and tht 
-mass of each,planet and,sate1life and to determine, ver\ 
mqcurately, their position in: Wpace and thelr^orbite 
motions.' ; ■ . 

At SatJrn, the spacecraft jsl^ould confirm the pres- 
ence of i magnetic field and daterrinlne whether the 
planet has a magnetosphere. Some recent:«xperi- 
ment? with an Earth satellite suggested tha^'Satum 
.does^possess a magnetic field, but it Is difficult to be 
sure frpni Earth-based observations'. Voyager can look 
or. evidence of the solar wind hitting a magnetosphere 
(known-as 3 bow shock) and thk way In which any such 
tjiagnetosphere is affected by the rinis and the satel- 
Mies; of Saturn. The experiments cWn also find out if 
toaturn/s magnetic field,)s tilted relati\^e to the spin axis 
of t^e planet, asareJu^lter^s and Earth's fields relative 
to t^eir axes of rotation. 

The.'presence of Saturn's, rings is expected to have 
major effects upon, trapped charge^ particles If the 
planet ..does, have radiation belts, especially If the 
magnetic field is tilted to the spin axjs of the ptanet. _ 

^he huge satellite of Saturn, Titaii, Is a fascinatinq 
f Saturn at a mean distance of 

1 ,222,600 km (760,000 mi); Titan is.larger than Mercu- 
ry, and it has a substantial atmosphere. Gases lost 
from Titan s atmosphere into space/might be expected 
to form-a doughnut (torus) around Saturn, which could 
b^ detected by the spacecraft's 'instruments, if 'this- 
t9XU5JajMsida.^turn:s^a§fi6t0^ 

.Sn flr uuinH if maw i^u.A ..u- i_ _ 1 . . 
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Solar wind, it may give hse to a detectable bow shock 
This would provide a unique observation of the intSr- 
. action of the solar wind with a gas cloud. 

Even if Uranus and .Neptune have substantial mag- 
netic fields, it is unlikely that these can be detected, 
from Earth. But Voyager should easily detect them' for 
even itthe magnetic fields am extremely weak they'are 
expecfffd-Jo give rise to very extensive magneto- 
spheres at these planets. 

The other major group of experiments beyond parth 
cies and- rields- is concerned with the use of the 
■ instruments on the camera platform. The atmospheres 
ot all four planets and many of their satellites 'are 
investigated by these instruments which, together with 
radio science, can considefmbly .increase our under- 
standing of the gaseous outer planets. 

Planetary, atmospheres are important because they 
tell the story of the way in which the planets might have 
formed and how they evolved. Knowledge of the 
present states and compositions of planetary atmo- 
spheres IS vital to an understanding of how the Solar- 



System ofiglnated and became what it /is today, ^ Any 
theory about the formatiori and evofutidn of the Solar 
System must account for the ditferefit atm^pheres of 
the [planets. v / / r ' . 

Scientists need to know such thiiT^s as the ternpera- 
ture, pressure, density, and gaseous and particulate 
CDmpositions of the atmosphere. It has been found that 
heat^om inside Jupiter plays a rhajor role in the 
circulation of that planet^ atmosphere. The same may 
be true of Saturn and^ the more disfant planfets. Voy- 
agers experiments are expected to t6li us what is ^ 
really taking place in the atmospheres of the outer 
planets. In addition, the mission tooks "at the atmo- 
spheres of satellites, which may provide important ^ 
clues about how these bodies evolved. 

Observations made for several weeks while ap- 
proaching each of the planets provide motion pictures 
of the swiftly rotating atmospheres and their clouds, 
this is especially important for Saturr^. Uranus, and 
Neptune; since even coarse details of cloud patterns 
are impossible to see from Earth with the best of 
telescopes. 

Water ice has been detected in the rings of Saturn by 
radar observations from Earth, but it is ^believed that 
other substances are also present; perhaps silicates 
and ammonia ices. These can all be checked by 
Voyager's instruments during the Saturn encounters. 
Also, by looking at how sunlight is scattered by the 
ringsr scientists, hope to determine the sizes of parti- 
cles in the rings. Radio waves passing from the ^ 
spacecraft to Earth through the rings can help to 
determine the size of^ t^articles. Whether or not the 
rings are surrc6nded by an invisible atmosphire of gas 
can be checked^ If one of the spacecraft is sent to 
Uranus, it will be able to obtain infprmation about the 
recently discovered rings of4hat planet. 

^'^ ^FaFencoOTiter pictures of 12 satellites using the tele- 

^ pjioto camera system are expected to reveal details on 
their surfaces only 5 to 15 km (3 to 9 mi) across. The 
. spacecraft ^proaches-close enough to three of the 

^ satellites to reveal details as small as 1 000 m (3280 ft). 

^ The cameras look for geological details of the 
surfaces; craters, plains, scarps, mountains, and polar 
c^s. The wide%ngie pictures may reveal global distri- 
^bution of geological areas and perhaps show why there 
^ are variations of color and albedo on the satellites. 
Sjzes and shapes can be measured to between 0=1 
and 1 ''percent. ^ 

Mission Profile 

^ The trajectories used for the Voyager mission take 
advantage of the outer-planet alignment in the year 
1,977. which is most favorable for launching a space- 
craft via Jupiter to Saturn with a relatively short flight 
time between the two giant planets. Each spacecraft is 
^ to be launched by a Titan/Centaur rocket from Ken- 
nedy Space Center. Flonda. dunng a 30^day penod 
beginning August 20. 1977^ The first spacecraft to be 



launched heeds, more energy ^nd takes longe^ to 
/reach Jupiter It. arrives there .on July 9t 1979. /The 
/ second ipacecraft, which is launched later in the- ^ 
launch period, follows a more opportune path and 
drives at Jupiter before the first spacedraft, namely on ^/ 
March 5, 1979: , . . : ^ ^ 

The first spacecraft to arrive at Jupiter is .called 
^ Voyager "1, and it is targeted to fly by Jupiter in such a 
way that it can proceed taSatum and make a dose 
encounter with Titan. The trajectory for Voyagir 1 is ; 
called JST (Jupiter, Saturn, Titan), If this first space- 
.craft is successful in itff Titan encoynten the second = 
' spacecmft to arrive at Jupiter, Voyager 2, is targeted to ' 
fly ^^turn in a way that lets it continue on tojh©: ^ 
planet Uranus and perhaps even to , Neptune. The 
trajecto^'for Voyager 2 is called JS)^( Jupiter, Saturn, 
with option). - . : 

* A spacecraft^cannot be targeted to fly close to Titan 
in its encounter with Saturn and also fly to Uranus, 
because the orbits of titan and Uranus are in different 
planes. . p 

Arrival at Saturn is scheduled for Movember 12, 1 980, 
fir Voyager 1. and August 27, 1981, for Voyager 2. If the 
flight continues to. yranus. Voyager 2 arrives there on 
January 30, 1986. It may also be possible to reach 
Neptune about 1990. Thus Voyager 2 may be the 
nation's longest space mission: 1 2 years flying through- 
interplanetary space to cover a distance of 30 astro- 
' nomicat units (4.5 billion km or 2.8 billion mi). ; 

On-the approach to Jupiter, the cimeras start photo- , 
graphing the planet about 80 days in advance of ttie 
closest approach, i.e,, inT)ecember 1978. The space- 
craft also look for hydrogen clouds surrounding' the 
planet and in the orbits of the sat^lites. Thi pictures 
show more detail than any obtained by Earth-based 
photographs, and at 10 days before closest approach 
\my are better than the best obtained by the Pioneer 
spacecraft in 1973 and 1974. About 8 days before 
closest approach the entire planet is surveyed by the 
wide-angle camera. while the narrow-angle (telephoto) 
camera ^concentrates on detailed pictures of ~specific 
features of the turbulent atmosphere of Jupiter. 

At Jupiter, Voyager 1 flies by wlthln.4,9 Jupiter radii ^ 
(about 350.000 km or 21 7,500 mi) from the center of the 
planet at 12:49 GMT on March 5, 1979 (see Figure 3),^ 
The spacecraft pisses within 415,000 km (258,000 mi) 
of Amalth'fea. Jupiter's small innermost satellite, and 
within 22,000 km (1 3,670 mi) of lo, the innermost of the 
big Galilean satellites.* The spacecraft flies almost 
along lo's orbit below the satellite for about 5 hours, 
thereby providing good views of the south polar re- 
gions/Shortly aftenA/ard the spacetrafr isiocculted by ' 
the bulk of Jupiter from the Earth and from the Sun. After, 
ertierqing from bfehind the planet, Voyager 1 then 
'passes within 733,000 km (455,500 mi) of iuropa, 



^The four largest satellites of Jupiter (lo. Europa, Ganymede, and 
Callisto) are" called Galflean satellites in honor of Qaiileo, who 
discovered them in the early teOOs. ^ 
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vmaNes la close piss by Ganymede at 115,000 km 
(71 iSGO mi), itfid by! Calllsto at about the sam%dlstance. 

• 1^ Aftarwards, the tpacecratt continues to* observe 
Jupiter for about andther month until just before the 
; next sp^ecraft to arrive. Voyager 2^ starts its observa- 
tions of the planet, * 

The encounter of Voyager 2 is somewhat different, in 
that 4he spacecraft must fly by further away^ from 
Jjjpiter to preserve the option to fly-to Uranus. Voyager 
2 starts photographing Jupiter in April 1979, about 80 
days ahead of the closest approach. This is at TO 
Jupiter radii (714,000 km or 443,700 mi) at 11:00 p,m. 
July 9, 1979 (see^ Figure 4). Voy^ptJ passes Callisto 
at a distance of 220,000 km (136,700 mi), then make^ 
a ve^ close* approach of 55,000 km (34,200 mi) to 
Garl^ede, followed by a passage within 200.000 krp 
(124,300 n^i) of £uropa. Through* the use of the two 
spacecraft, Ganymede and Callisto are seen before, 
and after closest approach so that both hemispheres of 
the satellites are observed and photographed. Amal- 
thta is passed at a distance of 650,000 km (342,000 
mi), but since this satellite is so close to Juplter'as to be 
extrerhely difficull to observe .from Earth, the^Voyager 
pictures arenrrlportant even though the approaches are 
not veiy close. On Its way out fromlts closest approach 
to' Jupiter, Voyager 2 passes through the occultation 
zones for both Earth ^and Sun. - - ^ ' ^ 

At Saturn, Voyager 1 first makes a close approach of 
;7000. km (4350 miMo Titanw Sixteen hours laiCT^it 
makes its cjosest approach to Saturn (see Figure 5). At 
1:00 a.m. GMT op November 13, 1980, Voyager^l'^s 




Figure 3. Diagram looking down on the north pole of Jupiter 
showing the path of Voyager 1 (JST trajectory) past the planet. 




Figure 4. the path of Voyager 2 (JiX trijectory) during iti^ 
ancouhter withduplter. ^ 



^ 3.3 Saturn radii (197,300 km or 122,600 mi) from the 
center of the planet .and has a spectacular view of the 
south polar regions and^e open ring system. Then the 
spacecraft passes within\96,000 km (60,000 mi) of 

' ^ Mimas, ^30,000 km (141000 mi) of^ Enceladus, 
140,000 Rm (87,000. mi)' of Dione, and 60,000 km 
(3t,300 ml) of Rhep. This is the first time these 
satellites are^seen as worlds rather ihan fuzzy points of 
light. The spacecraft passes behind^ the jings^ as 
viewed from Earth andjbcpugh their sb^ado^.^nd also 
passes behind the pla^t and through fts ghadow (see 
Figure 6).4toyager 2,Ny^Uranus option is chosep, 
first encounters Titan, but at a distance of 353,000 km 
(219,000 mi) below the spacecra^. Art approach to 
within 254,000 km' (158,000 mi) of ffhea is followed by 
one of 159,000 km (98,800 mi) of Tethys. As the 
spacecraft swings round the planet (see Figure 7) It 
passes within 94,000 km^(5&,400 miy d Enceladue, 
33,000 km (20,500 mi) of Himas, and 196,000 km 
(121,800 mi) of pione. Voyager 2 then passes into 
Earth and Sun occultations by the planet and proceeds . 
out from Saturn, but i| coptinues to look back and 

' observe Ihe planet until the end of September, 1981. It 
is then on its way to O^anus for a rendezvous 4V2 years 
lat^''(see Figure 8). - ■ 

Both Saturn flybys are outside the ring syster^, but 
they provide good closeUp views of the rings. Voyager 
2 does not see the rings as vyell as does Voyager h 
'When Voyager 2 passes withih 2,7 planetary radii at 
1:00 am, GMT on August 27, 1981, it is vlfewrng the 
dark^tie of the rings. 
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'Figure 5> At Satufn, Voyigtr 1 makes a cfose approach to 
Tifin^ Mn ffies by Saturn at a dfstanpt of only 3.3 Saturn radii 
Hroffl th@atnt€r of the planet. 




Figure 6, As s#en Trorn the larthi the spacecraft passes 
behind Saturn and its rings at theyirnes following elosest 
approaoh shown in the drawing. Alongside is the view of the 
rings obtained 20 minutes before closest approash. 
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As Voyager 2 ^proaches Uranus, equipiTierit within 
the spacecraft ^ripared fdr the new ^encounter, 
which isfluIH^iWerent from the encounters with Jupiter 
and Saturn. This capability to change operation of 
equipment within the spacecraft marly millions of miles 
from Earth is a pQwerful new technique for exploring 
several planets by one mission. This technique uses 
computers on board the spacecraft/ the operating 
instructions for whicin can be phanged by commands 
sent to it from Earth . Spacecraft operations can theh be 
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- Figure 7. If the Uranus option Is chosen, Voyager 2 will pass 
^^Saturn along the JSX trajeotory shown In thj^drawing^ 



changed to fit the special needs of the different plane- 
tary encounters. This capability also permits controilers 
at the Mission Control Center to work around equip- 
ment failures that might occur because of radiation 
close to Jupiter and Saturn or because of the long 
period of operation of the spacecraft in space. 

Approaching Uranus, Voyager 2 js prepared for this 
strange pl&netary system in which the planet's axis 
of rotation is in the plane of its orbit around the Sun, 
The satellites orbit Uranus in Its equatorial plane. 
The orbits of the satellites face the- oncoming Voyager 
50 that the Uranian system looks like a target with the 
planet at the buirs-eye. The ftyby could take place 
when all the satellites are on one side of the planet, but 
no more than orp can be elope to the spacecraft if the 
spacecraft is to approach closer to the planet. Details 
are worked out during the Jong voyage to Uranus. All 
the satellites are, h#v6ver, photographed clearly 
enough to measure ^their sizes pnd to see surface 
detail — hear ir^osslblllties from Mrth, The same con- 
l^ditlon applies to Neptune and its satellite system: 

Thus, by 19,|0, the planets and satellites of the outer 
Solar System ,may be known in deta^com parable to 
our current knowledge about the inrlSrmost pifinets— 
Mercury, Venus, a^d Mars (before Vik4ng)— and this 
wealth of information will have been gathered by two 
spacecraft taking advantage of a unique configuration 
of the planets in their orbits, a configuration that will not 
be repeated for many human generations. 
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Riure 8. Foliewing the en^unter with Saturn is shewril^, Veyagtr 2 will ip##d through th# outer solar syitem to a mndtzvous * 
with Uranus 41% years later In J3nuary1i8€. *^ i w^m^uum 
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Project One: Satellite Eneounter 

^MaKe an enlarged sketcH from Figure 3 showing 
Jupiter and its shadow; the path pf the spaeecraft from 
40 hours ,^efore to 8 hours aftfr closest approach (the 
tick marks on'the spacecraft's path shown in Fjgure 3 
afe 2 hours aparU, and thie orbit Qf Ganymede, On the 
. orbit Qf Ganymfede draw the dot which represents the 
positron of the satellite relative to the spacecraft at the, 
tim^of its closest approach to the spacecraft,^ Place 
anolher dot on the path of the spaqecraft to indicate its 
positjon at this time. This should coincide approxi=' 
matejy with the eighth tick mark before closest 
approach. ^ - ' , * 

Vyprking backward and for^ard^ along the orbit of 
Gao^mede, place tick m^ks to show the position of the 
satellite every two hoy^for the 24 hours before and . 
after _ the closest Appro^fi to the spacecraft. Gany-, 
mede is assumed to be In a circular orbit at 1^^071^0CTO 
km from the center of Jupiter. Its perioq, in this orbit is 
7,154€= days^. Calculate the number of degrees it 
.travels along its orfait in 2 hours, and use a protractor to 
makeMhe tick HYarks/ ^ - 

^ Draw lines connecting the position of the spacecraft 
with the position of the satellite at each of the 2-hourly 
configurations. Measure the distances along these 
liq^es and convert to distances in kilometers from your 
knowledge of the radius of Ganymede's orbit. Make a 
table of distances for the 24 hours before and after 
closest encounter with the 'satellite. Plot these as a 
graph. What is the distance at 6 'hours 40 minutes 
befor% and after tncounter? If the time of closest 
approach for Voyager /1 is 12:49* GMT on March 5 
1 979, wf^at is this in terms of your lodhl time? Calculate 
in your local timfe the time of closest ajiproach of 
Voyager- 1 to Ganymede.- r— 



The diameter of 'Ganymede is approximately 5280 
km. From the data you have in the table of distances 
and times, make a series of 24 drawings of the^disc of 
Ganymede showinf Its relatiye size as seen Hom the 
spacecraft each 2^ hours before and after closest 
approach.^ Scale your drawings so that the one for the 
closest approach is 5.28 cm In diameter. What is the 
relative size of the disc of Ganymede 24 hours before 
and 24 hours after closest approach? Calculate the 
angle'subtended by the satellite at the spacecraft for 
each of these 2*hourly 'positions. If the high-resolution 
ci(mera has a resolution of 4 seconds of arc (1 milli- 
degree), calculate the size in meters of the smallest 
object that can be recognized on the satellite 24 hours 
before closest approach, at closest approach, and 24 
^hours after closest approach. Assume that the smallest 
object recognizable Is the same as the resolution of the 
camera system. ^ . 

Again making use of the illusfration of Figure 3, 
which shows the direction to the Sun, calculate the 
phase of Ganymede as seeh from the spacecraft at 



each of the 2-ho\jtly positions. Draw the positibn of the 
* terminator {the Doundary between day and'night) on - 
the discs of Ganymede you have already drawn, as the 
terminator would appear from the spieecraft. Darken: 
the nighty ||fite of the satellite! 

Assum^fteat on the first of your sketches, i*,e., the 
disc at 24 hours before closest approach, there is a 
large impact basin in the exact center of the satellite as 
seen from the 'spacec^ft. This basip is 300 km In 
diameter. Draw it on this first sketch of the satellite as 
seen from Voyager ^1, Assuming tha^GaTj^mede =rp* 
.fates synchronously, with its revolution about Jupiter 
(i;©., turns one hemisphere always towards Jupitec as 
the Moon does to Earth), show in your series of 
sketches of the disc of Ganymede the apparent move- 
ment of the biglmpact basin on the disc as viewed from 
the spacecraft. Does the basin disappear from view 
around the limb'.of the sateilite? If so^ when? $ 

When would you expect to see. most detail*bn the 
floor of the big basinl Remember that aS the basin 
nearsihe limb the detafis in its floor are foreshortened 
by the angle of view. At the time you can see the most 
detail, what is the size in meters of the smallest objed 
you can see at the 4 seconds of arc resolution oijh^ 
highr-resolution camera? ; ^ ' ' *\ 

s * 

Project Two: Relative Siiea of ' 
Magn^toapheras\ 



The Earth's^ surface magnetic field of apprbximately 
0.3 gauss ^duces a magnetopause (boundary be- i 
tween the magnetosphere and the solar wind) pt an 
approximate distance from Earth's center of 10 Eartji 
^a dil, Jupiter's magnetic 1ield of 12 gauss produces a . 
InagnetQpausi at .53 radii from Jupiter, 7the distance 
viirying with solar wind activity. Make a large drawing 
to scale *to show the relative ^izes of Farth and its 
magnetopause and Jupiter and its magnetopause, as 
shown in the sketch 
alongside. Scale the 
disc of Jupiter (diame- 
ter of 142J00 km) as 
1.43 cm ' diameter. ^ 
Al^igside Jupiter, draw 
the Earth and its mag- 
netopause. If Saturn 
has a surface magnetic 
field of t gauss, its magnetopause may be recorded by 
Voyager at a distance of 39 Saturn radii from the center 
of the planet. Draw Saturn to scale, together with its 
magnetopause, alongside Jupiter and Earth.v (The 
diameter of Saturra^is 119,600 km). " 

Then draw the Sun to the same scale. Its di^wfer Is 
1 ,426,000 km. Are the magnetospheres of Jupiter and 
Saturn comparable in size with the Sun itself? How, 
much bigger or smaller are they? \ . , ' 
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GLOSSARY ^ 

Albfdo: The ratio of the light reflected' by a planet or a 

satellite to thi sunlight fafling upon It/ 
Boom: A slender structure or a single pole extending from 
a spacecraft to locate equi^ent or sciefroe Instru- 
-ments away from the±»ody of the spacecraft, ^ 
Chacged Parfrcles: lonjzed atoms (le,, atoms that have lost 
one oynore of their orbital electrons) and electrons 
_ moving^freely in space. ^ ^ 

isest Approach; The posiiion on the path of i spacecraft 
that Is closest to the planet the spacecraft is flying 

fay. ' / . 

CosfTijc Ray ^Telescope: A device that detects high-energy 
chargad partlclts palsing Jhrough a system of da- 
' Wctori arranged so that the direction of the par- 
ticles can be determl^d and their anargy 



Cruise: Thgt part of an interplanetary flight where the space- 
craft is traveling between the Earth and the planet 
which it Is to fly by or orbit. ' ^ 

Datb Bit3: Information can be sent from one place to another 
-\ in the form of a coda, like the Morse coda. Digital 
* data Is in a coda of two bits, zBro and o/ia, 
equivalent to a lamp being' either off or on. Tha 

, ' " rate at which these zeros and ones can be saftt 
from a transmitter to a receiver Ig s^ied tha data 
V bit raie> ' 

Deep Space Network: A system of lacge antennas Brrangad 
at stations around the' world so that as the Earth 
turns on Its axis, constant communlcltlon can ba 
maintained with a distent spacecraft. The antennas 
^ in Australia, Spairr, and California pass infgrma- 
tion^ack and forth t.batwaari spacacraft and the 
control center at- the Jat Propulsion Laboratory, 
Pasadena, Calltornla. Each- of the three Deep 
Space NetworN stations has a 64-m antenna and 
smaller antannas. 

EncQuntar: Ttat-paflad In a space rnission whan a spacer 
craft is acHvely gatharing scientific information 
about the planet it is flying by or orbitlilf: 

Focal Length: Tha distance frorn a lens or mirror at which 
the Image of a vary distant object is focused; long 
f focal lengths produce larger images than do shorter 
focal lengths, but the images ana of reduced inten- 
sity'. Long-focal-length telescopes are often referred 
to as telephoto, narrow-angle, or hlgh^resolution 
systems;^hort focal lengths are used ln?wide-angle 
or low-resolution systems. \ ^ 

Ionosphere : Upper region of a planetary atmosphere, in 
which atoms and 'molecules become ela^rlcally 

*g charged b,y incoming radiation from tha Sun. 

Launch Wjndow: A period of time during which, beQause of 
-the relative positions of the planets anpi the Earth 
and the rotation of Earth on its axis, a space= 
craft can be launched to reach a given planet with 
' ■ a certain class of launch vehicle/ For Voyager, the 
launch window is about one hour each day during a 
launch period from August 20 to September 20, 
1977. The beginning of tha window varies between 
atyoutJuOO a,m. and 10:30 am, EOT 



Magnetia MdWbnt: A measure of the magnetiiing force pro* 
^ duced by a magnetized body such as a plinet, 

Magnetoiphere: The region BUfroundlng a planet In which 
the magnetic field of the planet predomlnatBi over 
fc * the magnetic field earned by the particles of the 
solar wind. The transition between the solar wind 
and the magnetosphere is a boundary known as the 
bow jhock. The magnetosphere traps particles 
from the solar wind which are contained within 

. radiation belts, V ^ ■ . 

Occultation: The passage of a spacacraft behind a planet or 
a satellite so that the spacecraft is hidden from 
the observer, 

Photopolarimeter: An instrument that measures tha light 
Intensity of a planet or satellite by using a polarizing 
: device. 

Radiation Belt: A region of trapped electrically charged 
particres, nialnjy protons (nuclel of hydrogen atoms) 
and etectrons, in the magnetosphere of a planet, 

Radiometer: A device to measure heat (infrared) radiation 
from a planet or a satellite, , ' - 

S-band and ^-band: Two banda or iectlons of the radio 
frequency spectrum allocated internationally for 
space communication^S-band Is from 2290 to 
2300 MHz and X-band^ from 8400 to^SSOO MHz, 

Silicate: Roc'k containing large amounts of silicon, such as 
. quartz, ppyroxene, and feldspar. 

Solar Wind: The flow of electrons and protons streaming 
outward from the Sun throughout the Solar System, 

Spectrometer: A device that measures the different frequen- 
cies* of radiation from a ^ody and their relative 
intensltlas. " ^ 

Spin Axis? The axis of rotation of a planet passing through 
the nbrth and south poles of- the pjanet. 

Whip Antenna: A long, wire-like, flexible antar^na supported 
at one end only. 

Work Around: A way of overcoming a failure within a space- 
craft so that tha mission of the spacecraft can still 
be accom^ishad. ' ' 
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